Components from culture fluid and whole cells of Rhizobium trifolii were examined for effects on root hair morphology of white clover seedlings (Trifolium repens var. Ladino). Cell-free culture fluid, exopolysaccharides, supernatant fluid from the precipitation of the exopolysaccharides, capsular polysaccharides, lipopolysaccharides, and a protein fraction from culture fluids were assayed for morphogenetic effects on the root hairs of axenically grown clover seedlings. Crude fractions were chromatographed on Bio Gel A-5m (Bio-Rad Laboratories), and fractions collected were similarly assayed. Hexose, uronic acid, and protein concentrations were determined for all fractions assayed. Gel chromatography indicated the materials with deforming ability to be of high molecular weight (>10,000). For all fractions except exopolysaccharide, deforming ability was associated with a protein component. This suggested that two components were associated with deformation; both contained polysaccharides and one contained protein. Crude fractions differed in their ability to cause deformations and indicated the following relative ability (in decreasing order) to deform root hairs: cell-free culture fluid, capsular polysaccharides, protein from culture fluids, exopolysaccharide, and cell envelope. Lipopolysaccharides had no effect.
Rhizobia are able to colonize, infect, and form nodules on roots of their legume hosts. The tip of a root hair bearing an infection thread usually is markedly curled, giving the appearance of a "shepherd's crook." Infection threads may arise laterally on nondeformed root hairs or may arise at the tip of a branch on an otherwise nondeformed hair, in which case the tip of the infected branch is markedly curled. The presence of the homologous bacteria also results in the occurrence of deformed hairs that do not bear infection threads. A relationship between these associated root hair deformations and the events resulting in infection and nodulation has been suggested (6, 9) .
Significantly, cell-free preparations of culture fluids from Rhizobium trifolii (13) or washed suspensions of cells from slant cultures (17) , when applied to roots of axenically grown homologous hosts, result in deformation of the root hairs. These deformations have been described as bent, branched, moderately curled, helical, bulbous, and spatulate (18) . Chemical studies of a deformation factor(s) have variously implicated bacterial polysaccharides, nucleic acids, and protein (13) . The chemical nature of a root hair-deforming factor(s) is of interest because of its apparent relation to the infection process.
The purpose of this research was to chemically define the factor(s) able to elicit deformation of root hairs by systematically fractionating culture fluid and cells from two infective strains of R. trifolii and assaying the isolated fractions for root hair-deforming ability.
MATERIALS AND METHODS
Bacteria (R. trifolii strain 0403, originally from G. Fahraeus) were cultured in 125 ml of a defined medium (1) for 5 days on a rotary shaker at 120 strokes per min and 18°C. The bacteria were cleared from the medium by sequential centrifugations at 3,000, 10,000, and 20,000 rpm for 30 min at each speed. The supernatant fluid was saved as the cell-free culture fluid.
The bacterial pellet was washed three times with 0.5 M NaCl, suspended in 25 ml of phosphate-buffered saline (0.43 g of KH2PO4, 1.48 g of Na2HPO4, 7.2 g of NaCl per liter of distilled water, final pH 7.2) and incubated for 5 days at 4°C. This procedure has been reported to solubilize the capsule (CPS) (10) . The cells were removed by centrifugation, and the supernatant solution containing the crude CPS was collected. The pellet from this treatment was suspended in 50 ml of ice-cold 1 mM MgCI2 and sonicated at 60 MHz for five 45-s bursts. The sonicate was centrifuged at 20,000 rpm for 30 min. The pellet was collected as a crude cell envelope preparation.
Extracellular polysaccharide (EPS) was precipitated from 50 ml of culture fluid by dilution to 200 ml with 3 volumes of cold absolute ethanol (6) . The preparation was centrifuged at 10,000 rpm for 20 min after storage at 4°C for 12 h. The pelleted EPS was dissolved in 25 ml of 0.001 M sodium phosphate buffer (pH 6.8) and dialyzed against the buffer for 12 h at 4°C. The supernatant solution from this treatment (SEPS), which contained ethanol-soluble compounds, was evaporated under reduced pressure at 30°C to obtain the original volume of 50 ml.
Lipopolysaccharides (LPS) were obtained from the cells from 250-ml cultures by the method of Westphal and Jann (16) .
A protein fraction was obtained from 100 ml of culture fluid by the method of Sevag et al. (12) .
Chromatography and chemical analysis. Crude fractions obtained as described above were chromatographed on a Bio Gel A-Sm (Bio-Rad Laboratories) column (2.6 by 20 cm) at 4°C. Each soluble fraction (2.5 ml) was loaded on the column and eluted at 6 ml/h with 0.001 M sodium phosphate buffer (pH 6.8). One hundred fractions (3 ml each) were collected. albumin as the standard. Uronic acids were estimated by the method of Blumenkrantz and Asboe-Hansen (2), with Dglucuronic acid as the standard, and LPS was estimated by the procedure of Osborn (11) Deformation categories. The deformation categories used to report results are defined as follows: "branched" refers to a hair which is branched at a point anywhere along its length; "helical" refers to a wavy (zig-zag) appearance; "swollen" refers to hairs which are obviously swollen as compared with a control; and "elongate" refers to hairs which are more than twice as long as other hairs in a population. These characteristic types are illustrated in Fig. 1 .
RESULTS
The results from the compositional analyses of the crude fractions and the ability of the crude fractions to cause root hair deformations are shown in Tables 1 and 2 , respectively.
All crude fractions contained protein (Table 1) , which usually varied between 2 and 8% of the dry weight but could be as much as 18% (LPS, strain 0403). Neutral hexose content ranged between 3 and 16%, the EPS fraction having the highest concentration. EPS was enriched in uronic acid content (18 to 24%) with respect to other fractions, which ranged from 2 to 14%. The ability of crude fractions to cause deformations was variable ( containing hexose in the second and third included volumes, with other, lesser peaks eluting in fractions corresponding to lower molecular size. There was a uronic acid component in this material which was substantial and corresponded to the major peaks of hexose-containing materials. Most fractions contained protein, but the majority of the protein eluted after the high-molecular-weight polysaccharides. Deforming activity was largely contained in the first two included volumes, but activity did appear in fractions across the entire profile. Active fractions contained between 10 and 20 ,ug of (Fig. 7a) , deformations observed in the presence of a crude protein extract (Fig. 7b ) from culture fluids, and the normal straight appearance of root hairs from a sterile, untreated control assembly (Fig. 7c) .
The protein fraction, prepared from culture fluids by Sevag extraction, had a different effect on root hairs than did other crude fractions assayed. Whereas some hairs in the presence of this fraction appeared to deform in a helical manner, most hairs displayed deformations which involved complex notching and swelling along the root hair length (Fig. 7b) . This protein fraction was active at a concentration as low as 10 ,ug/ml. DISCUSSION The fractionation scheme described here did not unambiguously relate deforming ability to a specific fraction from R. trifolii cells or culture fluid. All crude fractions assayed showed deforming ability to varying degrees, with the exception of LPS. An unexpected finding was the high molecular weights associated with all fractions having deforming ability when chromatographed on Bio Gel A-5m. These fractions were primarily hexose containing, with variable acidic and proteinaceous components. The inability to achieve base-line separations of the components in the crude fractions is indicative of a heterogeneous composition of the materials and is possibly related to the structure of the polysaccharides, which may be branched or linear (7) . Furthermore, the gel matrix utilized in the chromatography trials was a beaded agarose and this may have influenced the separation. If the components of interest should have an affinity for the carbohydrate matrix, they could bind and this would retard their elution from the column. Thus, the elution volume for a given fraction may not relate to the true molecular sizes of the materials with deforming activity. However, with the exception of the EPS fraction, peaks corresponding to low-molecular-weight components from the chromatography trials are not associated with deforming activity to the same extent as the high-molecular-weight components. Also, low-molecular-weight components might bind nonspecifically to the heterogeneous, high-molecularweight material present in all fractions and cause the deforming activity observed.
It is significant that, in the presence of the homologous bacteria, types of deformations of root hairs are seen which are not seen when cell-free culture fluids or isolated fractions are applied ( Fig. 6 and 7 ). This is in agreement with the observations of other workers (18) .
A further point relates to the character of the deformations associated with the crude fractions before and after chromatography. Cell-free culture fluid had the highest activity of any fraction and caused similar numbers of branched and helical hairs. After chromatography, mostly helical deformations were observed. CPS showed an equal degree of branched and helical deformation before and after chromatography. Helical deformations were seen more frequently with the EPS fraction after chromatography. Whereas much attention has been directed towards understanding the EPS component of culture fluids and its role in deformation (6) , its preparation results in a fraction which is attenuated in activity for all categories of deformation (14) . It is interesting to note that activity is associated with the supernatant fluid from the preparation of the EPS fraction. Yao and Vincent (18) reported this fraction to have an activity equal to an EPS preparation. These observations suggest that treatment of culture fluid chemically or by gel filtration alters the deforming activity associated with that fraction. However, Sevag extraction of culture fluids resulted in a protein fraction which was able to elicit complex deformations not seen with other crude fractions (Fig. 7) . This observation may relate to that of Fahraeus and Ljunggren (5) , who noticed that deproteinated polysaccharides did not cause the typical root hair deformation obtained with cruder preparations.
It is obvious that the isolation and purification of fractions result in modifications to the active factor(s). This may be related to the fact that two or more components are required for activity which do not copurify or that in vivo plant root products act to modify a bacterial factor which accumulates at localized sites on the root hair surface. 
